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Abstract. Experiments conducted in high-performance 1.0-1.2 MA 6 MW NBI-heated H-mode
plasmas with a high flux expansion radiative divertor in NSTX demonstrate that significant
divertor peak heat flux reduction and access to detachment may be facilitated naturally in
a highly-shaped spherical torus (ST) configuration. Improved plasma performance with high
βp = 15− 25 %, a high bootstrap current fraction fBS = 45− 50 %, longer plasma pulses, and
an H-mode regime with smaller ELMs has been achieved in the lower single null configuration
with higher-end elongation 2.2-2.4 and triangularity 0.6-0.8. Divertor peak heat fluxes were
reduced from 6-12 MW/m2 to 0.5-2 MW/m2 in ELMy H-mode discharges using high magnetic
flux expansion and partial detachment of the outer strike point at several D2 injection rates,
while good core confinement and pedestal characteristics were maintained. The partially de-
tached divertor regime was characterized by a 30-60 % increase in divertor plasma radiation, a
peak heat flux reduction by up to 70 %, measured in a 10 cm radial zone, a five-fold increase in
divertor neutral pressure, and a significant volume recombination rate increase.

1. Introduction

Candidate techniques for steady-state mitigation of divertor heat and particle fluxes in
future fusion plasma devices must be capable of reducing particle fluxes to the levels
of acceptable divertor plate material erosion rates and heat fluxes to q ' 10 MW/m2,
a limit imposed by the present day divertor material and engineering constrains. The
techniques must also be compatible with high-performance high-confinement core plasmas
and particle control methods. Presently both passive (divertor geometry) and active
(radiative divertors, field ergodization) techniques are considered as candidate mitigation
strategies for ITER and next step fusion devices [1] - [5]. Radiative divertors use deuterium
and impurities to reduce particle and heat fluxes by means of volumetric momentum and
energy dissipative processes - the ion-neutral elastic and inelastic collisions, recombination
and radiative cooling [1]. Specialized divertor configurations rely on the poloidal magnetic
flux expansion to reduce particle and heat flux density on divertor targets, as well as
the target inclination in respect to the incident field lines, and the extended connection
length to radiate additional power. Closely coupled to the development of the mitigation
techniques are experimental studies of the scrape-off layer (SOL) transport and turbulence
that provide validation of divertor models and novel designs [1, 6].

Substantial experimental work has been carried out on the radiative divertor and di-
vertor geometry effects in tokamaks [1, 6]. In a low aspect ratio spherical torus (ST)
magnetic geometry, an inherently large divertor figure of merit P/R [7] (where P is in-
put power and R is major radius) and a number of ST SOL/divertor geometry features
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lead to high divertor heat fluxes [8, 9], raising concerns over divertor operation in the
proposed ST-based concepts, e.g., the Component Test Facility (CTF) [3] and National
High-power Advanced Torus eXperiment (NHTX) [4]. Both of the concepts employ the
radiative divertor and/or mantle with high radiated power fractions. This paper reports
on the recent radiative divertor experiments in the National Spherical Torus Experiment
(NSTX). Significant peak heat flux reduction simultaneously with good core plasma con-
finement have been demonstrated in high performance 1.0-1.2 MA 6 MW NBI-heated H-
mode discharges. Access to the radiative divertor regime was previously studied in NSTX
in 2-6 MW NBI-heated H-mode discharges in a weakly shaped lower single null (LSN)
configuration (a range of elongations κ = 1.8 − 2.0 and triangularities δ = 0.40 − 0.50)
using a high D2 injection rate generally incompatible with H-mode confinement [10, 11].
Experiments conducted in 0.8 − 1.0 MA 4 − 6 MW NBI-heated H-mode discharges in a
highly-shaped LSN configuration, however, demonstrated reliable access to the partially
detached divertor (PDD) regime. The peak heat flux qpk at the outer strike point (SP)
was successfully reduced from 4-6 MW/m2 to 0.5-2 MW/m2 using divertor deuterium
injection with minimal confinement deterioration [12].

2. Experiment

A comprehensive SOL and divertor diagnostic set has been developed on NSTX (Fig. 1)
as described in detail in Refs. [10] -[12]. Recent facility and diagnostic upgrades were
aimed at 1) improved control of divertor gas injection and 2) improved measurements of
radiation and neutrals to elucidate on the power and momentum balance in the divertor.
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Figure 1: Layout of divertor diagnostics.

These upgrades are briefly described as follows.
A new divertor gas injector with a piezoelectric
valve enabled injection of D2 into the outer SOL
at a constant flow rate up to 200 Torr l / s
(1.4 × 1022 s−1). The flow rate was controlled
by prefilling the injector plenum to a certain cali-
brated pressure. To add the spatial resolution to
impurity and deuterium line emission measure-
ments, a new 10-fiber interface was developed for
the divertor UV-VIS spectrometer [13]. An up-
grade to the divertor bolometer system included
new detectors and also provided higher spatial
resolution of the radiated power measurements
in the outer divertor leg. An additional Penning gauge was installed in the outer divertor
region, to complement the existing midplane and divertor pressure measurements [14].
The neutral pressure measurements were not conductance-limited.

The NSTX plasma control system [15, 16] was used to obtain a highly-shaped LSN
configuration with κ ' 2.2− 2.3, δ ' 0.8, and the δrsep parameter, the midplane distance
between the primary and the secondary separatrices, between 8 and 12 mm. The ion
∇B drift direction was toward the lower X-point. In this configuration, the inner SP
was located on the vertical graphite tile target (inner wall), while the outer SP was
located on the horizontal graphite target. A salient feature of this configuration was
a high (18-26) magnetic flux expansion evaluated at the outer SP. Experiments were
conducted at Bt = 0.45 T. The core plasma conditions were: Te(0) ' (0.8 − 1.2) keV,
n̄e ' (5− 7)× 1019 m−3.
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3. High-performance H-mode discharges with radiative divertor

Improved plasma performance approaching the performance level of CTF with high
βt = 15 − 25 %, high βN ≤ 5.7, and a high bootstrap current fraction fBS = 45 − 50
% sustained for several current redistribution times has been achieved in highly-shaped
plasmas in NSTX [15, 17]. Radiative divertor experiments conducted in this configura-
tion also demonstrated the benefits of increased shaping for divertor heat flux manage-
ment. The high divertor magnetic flux expansion led to reduced particle and heat fluxes
on the divertor plate, and provided a facilitated access to outer SP detachment [12].
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Figure 2: Time traces of 1.0 MA and
1.2 MA 6 MW discharges with and without
divertor gas injection.

In this work we demonstrate successful radia-
tive divertor operation in high-performance 1.0-
1.2 MA H-mode discharges with 6 MW NBI
heating. Steady-state measurements of divertor
heat flux in the NSTX at low κ, δ showed that
qpk increased monotonically with PNBI and Ip,
whereas the heat flux width λq decreased with
Ip [18]. To the first order, the qpk dependence
is understood as the corresponding increase in
PSOL from the external and ohmic heating pow-
ers, and the decrease in connection length L‖ (L‖
is proportional to the safety factor q). Because
q‖ = PSOL/A⊥ = PSOL/(4πR(Bp/Btot)λq), the
discharges with Ip = 1.0−1.2 MA and PNBI = 6
MW represent a challenging case with the high-
est q‖, estimated to be 50-80 MW/m2. The ra-
diative divertor technique employed divertor D2

injection that increased divertor density, recy-
cling and neutral pressure. The associated in-
creases in radiated power and ion momentum
loss through charge exchange, elastic collisions,
and eventually recombination, led to a reduction
in heat and particle fluxes in the outer SP region.
Presented below are SOL and divertor measure-
ments that contributed to a consistent picture of the PDD regime in NSTX.

Demonstration of the radiative divertor operation on NSTX with minimal core and
pedestal plasma performance degradation was an important objective of the experi-
ment. Core conditions are illustrated for the reference 1.0 MA and 1.2 MA 6 MW
H-mode discharges and for the discharges with divertor D2 injection in Fig. 2. A tran-
sition to the PDD regime occurred within 30-50 ms from the start of the D2 injection.
Thomson scattering profiles showed that pedestal Te decreased and ne increased by 5-
15 %. Core plasma stored energy degraded by 5-15 % during the PDD phase. The
energy confinement time in the H-mode phase was τE ' 40 − 60 ms, being in the
range 1.6-1.8 of the the ITER89P confinement scaling factor. As in previous radia-
tive divertor experiments in NSTX [10, 12], the change in divertor conditions had a
pronounced effect on core carbon concentration and radiated power. Plasma Zeff was
in the range 1.5-2.5. The main impurity identified by VUV and UV spectroscopy was
carbon. Both Prad and Zeff decreased substantially, by 20-30 %, during the PDD phase.
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Figure 3: Divertor qpk in (a) 1.0 MA and
(b) 1.2 MA PDD discharges as a function
of gas injection rate at 120 ms, 170 ms,
and 270 ms after the start of gas injection.
Panel (c) shows plasma stored energy for
the same discharges and times.

Part of this decrease could be attributed to the
large Type I ELMs that appeared as a result of
the gas puffing in the 1.2 MA discharges. How-
ever, in the 1.0 MA discharges, gas puffing did
not affect the reference, small ELM regime, sug-
gesting that the carbon divertor source was also
reduced during the detachment.

Partial detachment of the outer SP was ob-
tained at several gas puffing rates Γg. Summa-
rized in Fig. 3 are the peak heat flux qpk measure-
ments at progressive times for a number of gas
puffing rates. For comparison, measurements of
highest qpk in reference discharges (without gas
injection) are also shown. In general, higher gas
puffing rates were necessary to reduce qpk in 1.2
MA discharges, where q‖ was higher, in compar-
ison with 1.0 MA discharges, as expected from
the dependence of q‖ and λq on Ip. As evident
from the figure, higher Γg led to a faster qpk re-
duction, however, after about 250-270 ms peak
heat fluxes reached steady-state low levels, being
about 1 MW/m2 in the 1.0 MA discharges, and
about 1.5-2.0 MW/m2 in the 1.2 MA discharges.
Optimization through gas injection entailed using the rate and gas pulse duration that
reduced qpk on a time scale of 100-200 ms yet caused minimal reduction in confinement
and did not lead to an X-point MARFE formation over 0.5-0.7 s. For the 1.0 MA dis-
charges, this rate was found to be Γg ≤ 100 Torr l /s, while for 1.2 MA discharges it
was in the range 110-160 Torr l /s, as follows from the stored energy trend in Fig. 3 (c).
This experience was similar to early tokamak experiments with open geometry divertors
operated without active pumping [1].

Divertor gas injection increased local divertor density and divertor radiation, and as a
result, qpk was substantially decreased. Shown in Fig. 4 are divertor heat flux profiles for
the 1.0 MA and 1.2 MA discharges discussed above. In both cases, a 40-70 % decrease in
heat flux was measured in a 9−11 cm radial zone adjacent to the outer SP. The extent of
the detachment zone was within 70-80 % of the full divertor SOL width. Heat flux profiles
did not change outside of the detachment zone, remaining at a level 0.5-1.0 MW/m2.

Divertor characteristics pertaining to the divertor power and momentum balances will
be now discussed using the 1.2 MA PDD discharge data. Time traces of the SOL and
divertor power balance elements for the 1.2 MA case are shown in Fig. 5. They confirmed
that plasma radiation accounted for much of the divertor power loss. From the total SOL
power of PSOL = 4.5− 5 MW, the outer divertor received about 2-3 MW in the reference
discharge, and 1-2 MW in the PDD discharge. The power flow into the detached inner di-
vertor and the upper divertor were both negligible, confirmed by IR camera measurements.
While it was not possible to fully account for the lower divertor radiation with the present
bolometer coverage, divertor bolometer signals representative of the outer divertor leg did
show substantial radiated power increase (Fig. 5 (c)). An estimate of the outer leg radiated
power using an average plasma irradiance of 25 W/cm2 and the outer leg volume 0.1 m3
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yielded about 0.5 MW of radiated power, being
within 10 % of the total PSOL. Intrinsic carbon
impurity and deuterium were identified as the
main radiating species responsible for divertor
power loss. Shown in Fig. 5 (d) is the brightness
contour of the C II λ = 375 nm line representa-
tive of the C II emission distribution in the diver-
tor. Also shown is the outer SP location and a
projection of the X-point on the divertor surface.
A significant increase in C II emission was corre-
lated with the PDD regime onset. The emission
was concentrated in the SP region throughout
the outer divertor leg, and increased continu-
ously during the gas injection phase. Toward
the end of the discharge, the emission peaked
around the X-point, suggesting that an X-point
MARFE may have formed.

During the detachment, particle flux to the
plate is reduced due to the plasma parallel pres-
sure loss. Experimentally, this is evidenced by
the Langmuir probe ion saturation current ”roll-
over”, or in some cases, constant value, in the
detachment zone, while the divertor Dα inten-
sity continues to increase [1]. Shown in Fig. 6
(a), (b) are the Isat time traces of two divertor
Langmuir probes. Probe locations are shown in
Fig. 1. Probe 2913 was located at 9-11 cm from the OSP, marginally inside the PDD
zone. Its Isat remained low during the gas injection and OSP detachment, and eventually
reduced, while Dα intensity increased. Probe 1307 was located outside of the divertor
SOL.The increase of its Isat, as well as the Dα intensity, were well correlated with the gas
injection, suggesting that the far SOL was in the high-recycling regime.

Plasma pressure loss during detachment is caused by ion momentum loss due to ion-
neutral elastic collisions, charge exchange and electron-ion volumetric recombination. For
the former two to occur at a substantial rate, a high neutral density must be maintained
in the divertor. Time traces of neutral pressure measurements by the Penning gauges
located in the outer divertor region are shown in Fig. 6 (c) and (d). A high neutral
pressure, pn = 0.5− 1.5 mTorr, was maintained in the divertor during the PDD phase.

Partial detachment zone is characterized by a formation of a very low Te and high ne
region adjacent to the divertor plate. The radiative and the three-body recombination can
also act as a momentum sink for plasma ions. The recombination rate is a strong function
of temperature and density, being low R ≤ 5× 10−19 m3 s−1 at Te ≥ 1.5 eV and ne ≤ 5×
1019 m−3, however, much higher when Te decreases and ne increases beyond these values.
The experimental signature of recombination is the appearance and/or intensity increase
of the D I n = 6− 11 Balmer lines. Based on the developed Stark broadening and line in-
tensity analysis [12, 13], the average plasma conditions in the PDD zone were estimated to
be ne ≤ 3−5×1020 m−3, and low Te ≤ 1.5 eV. Shown in Fig. 6 (e) is the Balmer D10 line
brightness contour as a function of time and divertor radius. A region of volume recombi-
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nation formed following the gas injection, and increased in the spatial extent and rate con-
comitantly with the neutral pressure rise. The Langmuir probe 2913 location is also shown.
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The expansion of the recombination region was
well correlated with the the probe Isat ”roll-
over”, suggesting further studies of the role of re-
combination in the ion balance during the PDD
phase. The Balmer D10 line emission appeared
to peak in the X-point region, consistent with
the notion of a possible MARFE formation.

4. Discussion

We have demonstrated experimentally that sig-
nificant peak heat flux reduction simultaneously
with high core plasma performance and confine-
ment could be achieved in a high input power
high current ST using the radiative divertor
technique. The radiative divertor was induced
by a moderate-rate D2 injection and radiation
from intrinsic carbon. The significance of this
result is that it was obtained in a highly-shaped
horizontal plate divertor configuration without
active pumping, suggesting that in high perfor-
mance highly-shaped ST plasmas access to re-
duced divertor heat flux is naturally facilitated
by SOL and divertor geometry effects. The
openness of the divertor configuration is an addi-
tional benefit enabling much flexibility in plasma
shaping optimization.

Scrape-off layer and divertor geometry effects
appear to play a prominent role in divertor trans-
port in NSTX. Shown in Table 1 are divertor
parameters of the highly-shaped NSTX configu-
ration and for comparison, typical divertor pa-
rameters of a large aspect ratio tokamak, such as, e.g. DIII-D. Evident are several ST
geometry features that explain the observed divertor heat flux trends in NSTX. First, a
large in-out plasma surface area asymmetry in NSTX, along with a large Shafranov shift
resulting in steep outboard gradients, lead to the heat flow distribution mostly into the
outer SOL region. Second, a higher angle between B field lines and the divertor surface
means that for the same q‖ the deposited heat flux would be generally higher in an ST
than in the tokamak. Third, a relatively short parallel connection length Lx between
the X-point and divertor target leads to reduced radiated power and momentum losses.
The fraction of q|| that can be radiated is a strong function of Lx for the given impurity
radiation function LZ [19]. The momentum loss is also a function of Lx. In a shorter
parallel connection length divertor, fewer ions would be able to undergo a collision with a
neutral and a recombination event before striking the divertor surface. Finally, because of
a large magnetic shear in the ST, there is a large radial gradient of the parallel connection
length ∂Lx/∂r. The connection length, being relatively short in the separatrix region
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Lx = 5− 8 m, becomes very short, Lx ∼ 1 m, at a radial distance of one SOL width λq.
A steep decline in Lx suggests that significant power and momentum losses can be sus-
tained only in the radial region adjacent to the separatrix, while power and particle fluxes
in the far SOL may be impossible to reduce.
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The experimental results were interpreted us-
ing the two point SOL heat transport model
with losses [10], a one-dimensional heat conduc-
tion SOL model with non-coronal impurity radi-
ation [12, 19], and the five region SOL model
with constant power and particle sources and
sinks [12, 20]. The models semi-quantitatively
explained all observed features of the divertor
regimes in NSTX. The models predicted that
large radiated power fractions and parallel mo-
mentum loss fractions were needed to reach the
detachment in NSTX. The models did not in-
clude the 2D divertor geometry effects, thought
to be essential for the apparently easy access to
the outer SP detachment in highly-shaped plas-
mas. The high flux expansion divertor in NSTX
has a high physical divertor volume and appar-
ently, a higher plasma ”plugging efficiency”. The
plasma ”plugging efficiency” ζ is defined as a
fraction of recycling neutrals re-ionized in the di-
vertor region. In the high flux expansion divertor
ζ is higher because of the larger divertor plasma
size in physical space, higher low-temperature
plasma volume, and thus reduced transparency
to neutrals.

The geometric features of the ST SOL and di-
vertor discussed above help explain the observed
general divertor characteristics in NSTX. While
highly radiative, reduced divertor heat flux dis-
charges are not uncommon in NSTX, the PDD
regime appeared to be accessible only with ad-
ditional gas injection and only in the highly-
shaped configuration [10, 12]. It also appears that n̄e is weakly coupled with nsep in
NSTX as compared to conventional large aspect ratio tokamaks. In NSTX, the n̄e in-
creases are quite common, however, nsep does not increase proportionally even when n̄e
approaches the Greenwald value. This explains in part why the PDD regime does not
occur spontaneously as a result of the ramping density, as the SOL collisionality remains
at a fairly low value ν∗SOL,e ∼ 10− 30 (estimated).

Many similarities in the PDD regime properties between NSTX and conventional
large aspect ratio tokamaks [21] were found. The PDD regime was characterized by a
peak heat flux reduction due to radiating intrinsic carbon impurity. Also evident was
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Quantity NSTX Tokamak
Aspect ratio 1.4-1.5 2.7
In-out plasma boundary area ratio 1:3 2:3
Midplane to target connection length Lc (m) 8-10 30-80
X-point to target parallel length Lx (m) 5-7 10-20
X-point to target poloidal length Lp (m) 0.05-0.15 0.05-0.25
Poloidal magnetic flux expansion fm at OSP 16-24 3-15
Magnetic field angle at target (degree) 2-5 1-2

Table 1: Typical SOL and divertor geometric factors of
the high κ, δ configuration of NSTX and a tokamak.

a particle flux reduction, appar-
ently due to the pressure loss along
the flux tube caused by ion mo-
mentum loss, and a formation of
an expanding region of high-rate
volume recombination. Also con-
sistent with tokamak experiments,
continuous gas injection eventu-
ally resulted in an increase of the

divertor density beyond a critical ne value of the X-point MARFE, which in turn degraded
the confinement and terminated the discharge. A further optimization of the radiative
divertor regime in NSTX would apparently be possible only with active pumping of the
divertor density.

Summary

Successful divertor peak heat flux mitigation in a high power density ST with a simulta-
neous high core plasma confinement properties has been demonstrated in NSTX using the
radiative divertor technique. Divertor peak heat flux scaling developed for NSTX show
monotonic dependence on input power (and PSOL) and plasma current Ip. In the highest
achievable range of PNBI = 6 MW and Ip = 1.0 − 1.2 MA, divertor peak heat flux was
reduced from 6-12 MW/m2 to 0.5-2 MW/m2 using high magnetic flux expansion and par-
tial detachment of the outer strike point. This, in combination with an attractive small
ELM [22] high-β, high bootstrap current fraction regime [17] H-mode plasma scenario will
form a basis for high-performance scenario development for the future ST-based concepts,
such as the CTF [3] and NHTX [4].
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